supplementation (0.1 mI* of 50%' glucose) early during status cpilcpticus improved survival and significantly prolonged scizurc activity (90 + 14 min) compared with nonglucose treated, convulsing littermates (47 2 10 min: p -0.02). Glucose supplementation did not increase the extent of brain damage despite improved survival and increased duration of seizure activity. The findings indicate that even repetitive episotlcs of status cpilcpticus in immature rats previously subjected to cerebral I11 do not accentuate brain damage despite a substantial mortality. Hypoglycemia contributes to death arising from status epilepticus. and both survival and seizures can be prolonged by glucose supplcmentation without risk of increasing the severity of any existing brain damage. (Pedintr Kes 38: 251-257, 1995) Abbreviatio~ls HI, hypoxia-ischemia FAM, forma1dchydc:acctic acid:methanol (I : 1%) brain whether or not that brain has been previously damaged by HI.
Inasmuch as clinical investigations have not answered the critical question of the brain damaging potential of neonatal seizures, experimental animal studies are required to clarify the issue. Prolonged seizures or status epilepticus lead to brain damage in adult animals, with morphologic alterations in selectively vulnerable structures; especially the cerebral cortex, hippocampus. and substantia nigra (7) (8) (9) (10) . On the othe~. hand, both published and unpublished experimental studies in immature animals of most, although not all, species have failed to demonstrate that even prolonged seizures (status epilepticus) lead to overt brain injury (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (see "Discussion").
. .
I he present investigation was designed to investigate chemically induced seizures in immature rats previously subjected to cerebral III to determine whether or not either a single, prolonged seizure or repetitive seizures (status cpilcpticus) lead to permanent brain damage or accentuate the neuronal injury caused by the prior HI insult in these animals. W e used an established model of pcrinatal H I brain damage, developed in CATALTEPE ET AL.
our laboratory over 10 y ago (15) . We also ascertained the contribution of hypoglycemia to mortality during status epilepticus and the extent to which glucose supplementation improves survival but also prolongs the convulsive activity.
METHODS
Dated, pregnant Sprague-Dawley rats were purchased from a commercial breeder (Charles River Laboratories, Wilmington, MA) and housed in individual cages. Offspring, delivered vaginally, were reared with their dams until time of initial experimentation at 7 d of postnatal age.
Induction of Cerebral HI
Cerebral HI was induced in 7-d postnatal rats by a previously described technique (15) . Rat pups underwent right common carotid artery ligation under light halothane anesthesia. Upon recovery from anesthesia, the animals were returned to their dams for 3 h. Thereafter, they were placed in 500-mL airtight jars partially submerged in a 37°C waterbath to maintain a constant thermal environment. A gas mixture of 8% oxygen and 92% nitrogen was delivered into the jars via inlet and outlet portals. The rat pups were exposed to this gas mixture for 2 h, after which they were allowed to recover for 15 min in open jars in the waterbath. Thereafter, the animals were returned to their dams until such time that they were injected with bicuculline. The combination of unilateral carotid artery occlusion and systemic hypoxia with 8% oxygen is known to produce damage in the form of selective neuronal necrosis or infarction of the cerebral hemisphere ipsilateral to the arterial ligation (15, 16) .
Induction and Observation of Seizures
Bicuculline (Sigma Chemical Co., St. Louis, MO), a convulsant drug which blocks the postsynaptic inhibitory action of y-aminobutyric acid, was dissolved in 0.1 N HCl and refrigerated until the day of the experiment. Immediately before its administration, a portion was neutralized with 0.1 N NaHCO,. Thereafter, the bicuculline was injected s.c. into rat pups recovering from cerebral HI in a dosage of 6 mglkg of body weight; a dosage adequate to produce behaviorally apparent seizures lasting more than 1 h (17). In a preliminary study, we ascertained that a single episode of status epilepticus at 24 h of recovery from HI was associated with a low mortality (15%), and neuropathologic analysis of the survivors at 30 d of postnatal age showed no accentuation of HI brain damage compared with nonconvulsing HI controls. Accordingly, in the present investigation, 7-d postnatal rats received multiple injections at 2, 6, and 12 h of recovery from HI. Animals that were used to determine blood glucose concentrations during seizures received the same dose of bicuculline at 2, 6, and 12 h of recovery. After the injections, the animals' behaviors were observed for 2 h. The presence or absence of seizures, time of onset, duration, and character of the seizure were recorded. Nine additional 7-d postnatal rats received an injection of bicuculline, which was repeated 4 and 10 h later; these animals were not subjected to prior HI.
Neuropathologic Analysis
Experimental groups. Rat pups received bicuculline in three doses at 2, 6, and 12 h post-HI. Control animals were HI rat pups that received 1.0 N saline in a volume equal to that of bicuculline. The surviving animals were reared with their dams until 30 d of postnatal age, when they were killed and underwent neuropathologic analysis (see below). In a second group, rat pups received bicuculline at 2, 6, and 12 h after HI. Controls were HI animals that were not given bicuculline. In this group, each HI animal that died during the course of the convulsive activity was paired with a convulsing HI animal that remained alive and also with a nonconvulsing, HI animal. As soon as an HI animal died during the seizure, their selected littermates were decapitated, and their brains were prepared for evaluation of acute neuropathologic alterations. A third group of animals were HI rat pups that were given bicuculline at 2, 6, and 12 h of recovery as well as 0.1 mL of 50% glucose s.c. 15 min after the onset of the seizure activity. In this group, control animals consisted of HI, nonconvulsing animals that received 0.1 mL of 50% glucose. Surviving animals were reared with their dams until 30 d of postnatal age, when they were killed for neuropathologic analysis.
Neuropathologic methods. All rat pups surviving until 30 d of postnatal age were killed under deep pentobarbital anesthesia (45 mglkg i.p.), and their brains were immediately removed from the skulls and immersed in FAM. Evaluation of the presence and extent of chronic gross morphologic and microscopic alterations was performed by two investigators, each blinded to group assignment. For gross examination, the type and extent of changes such as atrophy and cavitation were noted, as previously described (18, 19) . The severity of damage within each brain was grossly scored as follows. Grade 0 = normal; grade 1 = mild brain atrophy; grade 2 = moderate brain atrophy; grade 3 = atrophy and cystic cavitation < 3 mm; grade 4 = atrophy and cystic cavitation > 3 mm. Mild atrophy included those brains in which the transverse diameter of the ipsilatera1 cerebral hemisphere at the posterior (infundibular) level was up to 25% less than that of the contralateral hemisphere. Moderate atrophy included those brains in which the transverse diameter of the ipsilateral hemisphere at the posterior level was 2 5 5 0 % less than that of the contralateral hemisphere but short of cystic cavitation.
For microscopic evaluation of chronic lesions in groups of rats, two hematoxylin and eosin-stained coronal sections, one at the level of the body of the anterior commissure (anterior level) and the other at the level of the infundibulum (posterior level), were scored histologically (16) . Each of the involved regions was assigned a score of one, and an additional score of one was given to those regions exhibiting cystic infarction. The regions used for scoring were: anterior cortex, posterior cortex, CAI, combined CA2 and CA3, CA4, fascia dentata, amygdaloid nucleus, anterior striatum, posterior striatum, globus pallidus, and thalamus. The total sum of these scores represented the brain damage score.
For evaluation of acute lesions (<24 h post-insult), rat pups were killed under pentobarbital anesthesia, decapitated, and their PERINATAL EPILEPTIC BRAIN DAMAGE 253 brains with intact skulls immersed in FAM. Four to 24 h later, the calvarium of each brain was carefully removed, and the brain with intact skull was fixed for an additional week in FAM fixative. Then, the brain was removed and two 2-mm thick coronal tissue blocks, one containing the anterior commissure and the other containing the infundibular region, were cut and processed for paraffin embedding. After step sectioning and hematoxylin and eosin staining, two appropriate sections of each brain were selected for semiquantitative scoring of damage. One of the sections that cuts through the mid-portion of the body of the anterior commissure included the anterior portions of the cerebral cortex and striatum (anterior level). The other section through the midportion of the median eminence (posterior level) included cerebral cortex, dorsal hippocampus, thalamus, and amygdaloid nucleus (Fig. 1) . Evidence of irreversible neuronal damage included clear--ing or eosinophilia of perikaryon and nuclear changes, such as pyknosis and karyorrhexis. The degree of damage of each structure and its various subregions were graded as shown in Table 1 .
The histologic evaluation of the damaged brains was made under a 20X objective in a microscope with a modified stage that facilitated movement of the slide in any desired direction in the horizontal plane. Evaluation of each structure will be described separately. In the cerebral cortex, both anterior and posterior cortex were divided into six segments, consisting of medial, dorsal superior, dorsal inferior, lateral superior, lateral inferior, and entorhinal cortex (Fig. 1) . The total sum of grades of cortical segments represented the histologic score of the cortex. In hippocampus, due to its large size and regional variation in vulnerability, multiple determinations were made. The dorsal hippocampus was divided into the following regions: subiculum, medial CAI, lateral CAI, combined CA2 and lateral CA3, medial CA3, CA4, and fascia dentata. In each of the above regions, the damaged neurons were evaluated and graded. The total sum of these grades represented the histologic score of hippocampus. In thalamus, striatum, and arnygdaloid nucleus, due to the different vulnerability of their various regions, lateral and medial parts were graded separately by Greatcr than one-half of neurons damaged (51-75%) 5
Majority or all neurons damaged including infarction (>75%) the use of an ocular grid in the microscope, and the total sum of grades for each structure represented its histologic score. The histologic score of damage for each brain was represented by the total sum of scores of regions of the various structures.
Blood Glucose Concentrations
Blood glucose levels were determined in 24 HI rat pups during seizure activity after multiple in.jections of bicuculline (2, 6, and 12 h after HI). Each rat pup that died during a seizure was randomly combined with another convulsing HI rat pup that remained alive as well as with a nonconvulsing HI rat pup. When a HI rat pup died during the seizure activity, its selected littermates were decapitated, and blood samples of all animals were collected from the severed neck vessels into capillary tubes for analysis of plasma glucose on a micro-glucose analyzer (Beckman Glucostat, Fullerton, CA). Plasma glucose concentrations also were determined in non-HI, nonconvulsing rat pups that served as controls. The blood glucose profile of HI animals that received bicuculline also was determined during the course of status epilepticus. At specific intervals (0, 15, 30, 45, 60, and 90 min) after the onset of seizures, the animals were decapitated, and plasma glucose levels were determined.
In another study group, HI rat pups received 0.1 mL of 50% glucose S.C. 15 min after the onset of seizure activity to determine the substrate's effect on seizure duration and mortality. HI rat pups that received glucose were compared with HI rat pups that did not receive glucose during the seizure. All animals were decapitated after the seizure, and blood glucose levels were measured.
Statistical Analyses
Minitab statistical software was used For data transformation and statistical analysis. Statistical comparisons were performed using analysis of variance, two sample t, paired t, and Mann Whitney U tests. p < 0.05 was selected as the criterion of significance.
Institutional Approval
The experiments described here were reviewed by the Animal Care and Use Committee of The Milton S. Hershey Medical Center, The Pennsylvania State University, and ap- clonic jerks to generalized status epilepticus (see also Ref. 17 ).
The rat pups initially became immobile, and a few minutes later they became aggitated and started to circle. Circling gradually increased and was followed by running, squealing, and rolling activity with increased tonus of the entire body. The tonic phase was associated with apnea and urinary incontinence. The tonic posture and apneic episodes lasted for [3] [4] [5] min. Thereafter, tonic-clonic seizures commenced with associated swimming-like movements which continued until interrupted by another tonic or clonic fit. These behaviorally apparent seizures previously have been shown to be associated with paroxysmal discharges recorded electrically and ranging from repetitive spike activity to spikelslow wave discharges (17) .
Chronic neuropathologic alterations. In the initial experiment, 47 immature rats received bicuculline at 2, 6, and 12 h of recovery from HI. In this group, a single animal died after the first dose. Second dose mortality was 41%, whereas third dose mortality was 19%, giving an overall mortality of 53%. Three animals also died during the extended recovery phase. Gross inspection of the brains of the 20 surviving animals at 30 d of postnatal age showed no difference in the extent of damage between those animals subjected to multiple, prolonged seizures and 20 control HI animals ( p > 0.05) (Fig. 2) . Histologic examination and scoring of the severity of damage in the same brains also revealed no difference in the extent of regional or global injury between those animals subjected to multiple, prolonged seizures and control HI animals. The mean brain damage score of the convulsing animals was 4.9 + 1.1 (SEM) compared with a mean damage score of 5.1 + 1.4 in the nonconsulving control littermates (p > 0.05). To ascertain whether or not repetitive status epilepticus per se caused brain damage, nine 7-d postnatal rats received an injection of bicuculline, after which injections were repeated 4 and 10 h later to mimic the situation after HI. Four of the nine rat pups previously underwent unilateral common carotid artery ligation, but none of the animals was exposed to systemic hypoxia. All Acute histologic alterations. To ascertain acute histologic alterations which occurred during the course of multiple seizures in immature rats, 24 7-d postnatal rats underwent HI, after which they received doses of bicuculline at 2, 6, and 12 h of recovery. Those rat pups that died during the course of the seizure activity were immediately decapitated, and their brains were examined histologically. For every dead animal, an alive convulsing rat pup was killed and its brain also examined histologically. Control littermates consisted of nonconvulsing, HI animals that also were killed for neuropathologic evaluation. All brains were processed for quantitative histologic analysis as described in "Methods." The vulnerable structures of the cerebral hemisphere ipsilateral to the carotid artery occlusion then were compared among the three groups. Of the convulsing animals previously subjected to HI, there was no statistically significant difference in the extent of brain damage between the dead and surviving animals (p > 0.05) (Fig. 3 ).
There was also no statistically significant difference in the severity of brain damage between the nonconvulsing, HI animals and either the dead or surviving convulsing animals ( p > 0.05). Injured structures included the anterior and posterior cerebral cortex, hippocampus, striatum, thalamus, and amygdaloid nucleus. An incidential finding of the experiment was the presence of damage within the cortex of the cerebral extent of brain damage in the glucose-treated and nonglucosehemisphere contralateral to the carotid artery occlusion. Con-treated animals undergoing status epilepticus after HI (p > tralateral damage was seen in 23% of the animals which 0.05) (Fig. 5) . expired during course of the seizure, and the incidence of this damage was 25% in those animals surviving the status epilep-DISCUSSION ticus (p > 0.05). Contralateral cerebral hemispheric damage also was seen in 2/12 (17%) immature rats subjected to HI alone, not statistically different from the incidence of contralatera1 damage in the convulsing animals ( p > 0.05).
Blood glucose concentrations.
To determine whether or not hypoglycemia contributed to mortality during status epilepticus, plasma glucose concentrations were determined in rat pups that died during the course of the seizure activity, and the results were compared with surviving animals and with nonconvulsing HI controls. Mean blood glucose in animals dying during status epilepticus was 1.75 + 0.35 mmol/L, significantly lower than in surviving, convulsing animals (4.25 + 0.51 mmol/L; p = 0.016). The mean blood glucose concentration of nonconvulsing HI littermates was 6.77 + 0.28 mmol/L, significantly higher than those of the convulsing animals (p < 0.001). The time course of the changes in blood glucose concentration during the course of status epilepticus is shown in Figure 4 . Because hypoglycemia contributed to mortality during status epilepticus, an additional experiment was performed whereby convulsing HI animals received 0.1 mL of 50% glucose 15 min after the onset of status epilepticus; control convulsing littermates received 1.0 N saline. Seizure duration was significantly longer in the glucose-treated, convulsing animals (90 ? 14 min) than in the nonglucose treated, convulsing littermates (47 -+ 10 min; p = 0.02). Indeed, some of the glucose-treated rats convulsed for up to 3 h. The mortality rate was the same (45%) in the two groups. An additional group of glucose-treated and nonglucose-treated rat pups received doses of bicuculline at 2, 6, and 12 h after HI. Survivors were reared with their dams until 30 d of postnatal age, after which their brains were analyzed for the presence and extent of brain damage. As in the previous investigations (see above), there was no statistically significant difference between the In adult rats, status epilepticus readily leads to brain damage (8, 10, 20) . In contrast, immature rats appear resistant to the brain damaging effect of status epilepticus. Several investigators have attempted to produce epileptic brain damage in developing rats by the use of a variety of convulsant drugs (bicuculline, fluorothyl, kainic acid) as well as sequential electroshock (11) (12) (13) (20) (21) (22) . Collectively, the results of these studies indicate that, despite status epilepticus of 90 min or more, rat pups less than 20 d of postnatal age remain free of brain damage, whereas those which are. 20 d and older exhibit neuronal necrosis in a distribution comparable to that of adults. The reason for the resistance of immature rats to epileptic brain damage is not yet fully clarified (see below).
Although immature rats are resistant to the brain damaging effect of status epilepticus, such is not the case for rabbits. Franck and Schwartzkroin (23) produced status epilepticus in 7-d postnatal rabbits with systemically administered kainic acid, 2 d after which their brains underwent histopathologic analysis. Moderate to severe damage of the subiculum, CAI sector, and interneurons of the hippocairnpus, the thalamus, the cerebral cortex, and other structures was seen in all previously convulsing animals. The species difference in the sensitivity of the immature brain to status epilepticus is unexplained, especially because the anatomic and functional maturity of 7-d postnatal rats and rabbits are comparable (24) . Whether or not the epileptic brain damage exhibited by immature rabbits can be accentuated by prior HI is yet to be determined.
The experiments described in the present investigation were designed to ascertain whether or not one or more episodes of I Saline Glucose Damage Score Figure 5 . Incidence and severity of brain damage in immature rats subjected to HI followed by multiple episodes of status epilepticus with glucose supplementation. Seven-day postnatal rats were subjected to HI after which they received an injection of bicuculline at 2, 6 , and 12 h of recovery. Fifteen minutes after the onset of seizure activity, rat pups received 0.1 mL of 50% glucose. Controls consisted of HI, nonconvulsing littermates that also received glucose. Bars represent numbers of animals exhibiting brain damage, ranging from no damage (0) to cystic infarction (4) (see "Methods").
status epilepticus in the immature rat causes permanent brain damage or accentuates tissue injury produced by immediately preceding ccrcbral HI. The results allow for several conclusions. First, status epilepticus, even when associated with a substantial mortality, does not cause overt histopathologic damage in immature rat brain. Second, even repetitive status epilepticus superimposed on brain damage produced by prior HI does not acccntuate tissue necrosis, whether the antecedent damage is mild, moderate, or severe. Third, hypoglycemia contributes to death arising from status epilepticus. Fourth, both survival and seizures can be prolonged by glucose supplementation without risk of increasing the severity of any existing brain damage.
The present experiments extend a previous finding by
Wasterlain and Duffy (25) that hypoglycemia contributes to mortality in immature rats subjected to prolonged seizure activity and that survival during status epilepticus is prolonged by glucose supplementation. The present study shows that glucose treatment also prolongs the seizure activity but without any increase in brain damage caused by prior HI. The origin of the hypoglycemia undoubtedly is related to increased utilization of glucose by peripheral tissues, cspecially skeletal muscle, which participate in the convulsive activity. Adult rats are less prone to hypoglycemia during status epilepticus (25) ; but, as in immature rats, glucose treatment perpetuates the seizure activity (26) , presumably by replenishing previously diminished brain carbohydrate stores (27, 28) . By prolonging the status epilepticus, epileptic brain damage is increased, possibly through the mechanism of enhanced tissue lactic acid formation (29) . The mechanism whereby epileptic brain damage occurs in adult but not immature rats is unresolved. At least in the immature rat, a cellular energy failure does not occur during status epilcpticus, because the energy reserves, ATP and phosphocreatine, are well preserved during the course of the insult (25, 30) . In this regard, cerebral energy utilization in the 7-d postnatal rat is 1:10 that of the adult (31) . Assuming that up to 2 h of status epilepticus is required to produce permanent brain damage in adult rats (8, 9) , it is possible that up to 20 h of status epilepticus would be required to produce brain damage in the immaturc rat. Specifically, the lower the cerebral metabolic rate produced by immaturity, the longer the required insult to produce brain injury (32) . Epileptic brain damage in adult animals results from or at least is initiated by an excessive stimulation of excitatory amino acid cell membrane receptors and its associated intracellular calcium (and sodium) overload of selectively vulnerable neurons (for reviews, see Refs. 26 and 33). Possibly, epileptic excitotoxicity does not occur in the immature rat, owing to a blunted release of excitatory (glutamate, aspartate) neurotransmitters into the synaptic cleft after depolarization (34) or to a more favorable balance between the major excitatory and inhibitory (glycine, y-aminobutyrate) neurotransmitters. In the latter regard, we recently have measured cerebrospinal fluid concentrations of glutamate and y-aminobutyrate as a reflection of extracellular concentrations during and immediately after status epilepticus in the immature rat and have found that the percentage increases in the level of the inhibitory neurotransmitter exceed that of the excitatory amino acid (our unpublished data).
In summary, the findings of the present investigation indicate that even repetitive episodes of status epilepticus in immature rats previously brain damaged by HI do not accentuate brain damage despite a substantial mortality. Hypoglycemia contributes to death arising from status epilepticus, and both survival and seizures can be prolonged by glucose supplementation without apparent risk of increasing the severity of any existing brain injury. Given the species difference in the sensitivity of the immature brain to epileptic brain damage with or without prior HI, further research is warranted to clarify the issue of the potential deleterious effect of prolonged seizures on the developing brain.
